This paper contains results of accelerated pavement tests (APT) at elevated temperatures on dense graded asphalt concrete (DGAC) and gap-graded asphalt rubber hot mix (ARHM-GG). The APT testing was performed using a Caltrans Heavy Vehicle Simulators (HVS). The overlays were placed on previously untrafficked sections of an existing flexible pavement. Variables included in the experiment were overlay type, ARHM-GG overlay thickness, tire/wheel type (duallbias-ply; dual/radial, wide-base single, aircraft), and pavement temperaTure (40 C, 50 C at 50 mm depth). Results presented include the rut development for the different variables, changes in layer thiclrness, and changes in air-void content. Analyses were performed to evaluate the relative contributions of shear defonnation and densification to rut development.
HVS Test Experiment Design
The HVS test experiment design is shown in Table I .
Pavement Structures
The Goal 3 overlays were constructed upon drained and undrained pavement structures constructed as part of CALI APT Goal I. The drained structure consists of a stiff, plastic subgrade, aggregate subbase (ASB), aggregate base (AB), asphalt treated permeable base (ATPB) and two lifts of dense graded asphalt concrete (3) . The undrained structure is the same, except that there is no A TPB layer and the aggregate base is thicker. The design process used for the ARHM-GG and DGAC overlays is presented in detail in Reference (2) .
Thicknesses of the asphalt concrete layers prior to HVS trafficking were determined from cores and slabs taken after trafficking. Thickness measurements are summarized by overlay type in Table 2 . It was assumed in the experiment design that the DGAC overlay has essentially same thickness across the five DGAC sections, although that assumption is not strictly valid.
Thicknesses of the A TPB layer were measured from cores. Thicknesses of the existing unbound granular layers were determined from elevations at the surface of each layer measured during the original construction. Aggregate base thicknesses were 274 mm, except in the sections with an A TPB layer, where they 183 mm. The aggregate subbase thicknesses ranged between 177 and 306 mm. A TPB thicknesses were 70 to 81 mm on those sections that included that material (505RF, 512RF, 510RF, 511 RF).
Average air-void contents for the asphalt concrete layers are summarized in Table 2 . Compaction of the overlays was performed following the Caltrans method specification. The target air-void contents for the overlays, 8 to 10 percent for the DGAC and 7 to II percent for the ARHM-GG, were specified to replicate typical Caltrans results.
The DGAC overlay material arrived at the site hotter, and retained heat longer during compaction than the gap-graded ARHM-GG material. The thicker ARHM-GG lift retained heat longer than did the thinner ARHM-GG layer. The air-void contents of the two overlay thicknesses reflect the effects of cooling rate.
Materials
All sections were untrafficked prior to the testing described in this paper. A large state highway contractor, selected by low bid, constructed the entire pavement structure, using the same processes, materials sources, and equipment used for state highway construction. The original pavement was constructed two years prior to the rutting tests. The overlays were constructed two months before the rutting tests. Materials properties important to rutting are summarized below.
Overlavs
Mix desigo and extraction information from belt samples taken at the plant is shown in Table 3 .
Both mix design gradations were within Cal trans specifications for target limits. The extracted binder contents from the DGAC mix were within the mix desigo range (standard deviation of 0.1 percent). The extracted binder contents from the ARHM-GG mix had much greater variability (standard deviation of 0.5 percent). The ARHM-GG average binder content was 0.7 to 1.0 percent (by mass of aggregate) less than the target range.
Original Asphalt Concrete Layer
The original asphalt concrete mix designs, and the results of previous laboratory tests on field cores and laboratory compacted specimens showed both lifts met Caltrans specifications for gradation, binder content, and stability. Hveem stabilometer values were high, 47 in the mix design at the optimum binder content, and 46 to 48 on compacted field mix. The aggregate source and asphalt were not the same as those used for the DGAC overlay mix, and different plants produced the two mixes.
Underlying Materials
The ATPB under some of the HVS rutting sections met Caltrans specifications. The aggregate 
Tires and Wheels
The bias-ply dual tire used in this study was a Goodyear 10.00-20, Load Range G on 10 em wide rims. The maximum load rating is 28.1 kN at 620 kPa cold inflation pressure. The test load was 40 kN on the dual at 620 kPa.
The radial dual tire was a Goodyear G159A, 11R22.5, Load Range G tires on 1"1 em wide rims.
The maximum load rating is 25.6 kN at a cold inflation pressure of723 kPa. The test load was 40 kN on the dual at 723 kPa pressure.
The wide-base single used for this study was a Goodyear G286, 425165R22.5, Load Range J, mounted on a 33 em wide rim. The maximum load rating is 46.82 kN at a cold inflation pressure of 758 kPa. The test load was 40 kN at 758 kPa pressure.
The aircraft tire used in this study was a BF Goodrich TSO C62C, 46 x 16. The maximum load rating is 199.8 kN at a cold inflation pressure of 1,034 kPa. The test load was 100 kN at 1,034 kPa pressure.
The ranking ofinflation pressures from lowest to highest is: duallbias-ply, dual/radial, wide-base single, aircraft. Rutting performance would be expected to be worst for the aircraft tire and best for the duallbias-ply. With respect to load, the aircraft tire load of 100 kN would be expected to produce ruts faster than the other three tires, all of which were ttafficked at 40 kN.
Wheel Speed and Direction
All of the rutting test sections were trafficked in the uni-directional mode, except for the aircraft tire, which was trafficked bi-directionally. Only loaded passes were counted as load repetitions in the results presented in this report. The wheel speed in the un i-directional mode was measured to be between 7.0 and 7.8 kmlhr, averaging 7.5 km/hr, while traveling an average of6.8 kmlhr during bi-directional trafficking.
Instrumentation and Data Collection
Instrumentation consisted of thermocouples to measure and control pavement temperatures, and laser profilometer readings to measure surface profiles.
Sets of three to five Type K thermocouples were installed just outside ofthe wheelpath, at one or two locations on each side of the section. Air and pavement temperatures were recorded hourly when the HVS was trafficking.
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The laser profilometer developed by CSIR (2) was used to measure surface profile at various times as rutting developed. Profiles were taken transverse to the wheelpath, at locations 0.5 m apart along the wheelpath.
Heating and Temperature Control
To heat the test sections to the target temperatures, a set of banked reflectors fitted with infrared lamps and resistance-heating elements was used. The target temperature was maintained by a control system that turned the lamps and heating elements on or off based on thermocouple feedback.
Heavy Vehicle Simulator Test Results

Pavement Temperatures
The temperature data showed that the target temperatures shown in Table 1 were matched within +/-2 C by the average temperatures. Average standard deviations oftemperature at depths ofless than 100 mm were typically less than 3.0 C. Sections 504 and 508 had much greater variability near the surface than the other sections. There was typically larger temperature variability at depths greater than 100 mm. 
Rutting Results
The development of average maximum rut depth versus load repetitions is shown for all sections in Figure 2 . For sections with two wheelpaths (dual wheel) the maximum rut depth is taken from the larger of the two. Transverse surface profile versus repetitions plots show that in addition to a downward rut in the wheelpath(s), each test section developed significant humps at the sides of the wheelpath. In this study, the maximum rut depth is defined as the vertical distance between the bottom of the wheelpath and the highest adjacent hump.
On many of the test sections HVS trafficking was continued beyond the failure rut depth of 12.5 mm. Final rut depths ranged between IS and 24 mm (Table 4 ). Figure 2 shows that all sections subjected to highway wheels/tires had an initial period of rapid rut development, followed by a second period with a reduced rate of rutting that continued until trafficking was stopped. The aircraft wheel test section (513RF) had a similar, though slight, reduction in rut. None of the test sections showed any evidence of a "tertiary" period of rut development, in which the rate of rut development increases again after the second period of reduced rutting rate. The lack of a tertiary rutting period, despite final ruts of IS to 24 mm, suggests that this is a phenomenon that occurs: The number of load repetitions to reach the failure criterion of a maximum rut depth of 12.5 mm varied depending upon overlay type, tire type, and temperature ( Table 4) . The values shown are averages of the transverse profiles taken at 0.5 m intervals along the test sections. All test sections except 51 ORF have relatively uniform rut depths along the wheelpaths (see maximum rut depth standard deviations, Table   4 ).
The ranking of rutting performance based on load repetitions to the failure rut depth is as follows:
I. DGAC overlay at target temperature of 40 C (Section 512RF), 
Comparison of TirelWheel Types
All four tire/wheel types were compared on the DGAC overlay at a 50 C target temperature at 50 mm depth (Table 4 ). The ranking from the best to the worst and the relative number of repetitions to a 12.5 mm rut compared to the best performing type (repetitions to 12.Smm rut depth on section divided by same on best performing section) is as follows: The performance of the test sections subjected to different tire types follows expectations if it is assumed that larger tire pressures of the dual radials and wide-base single produce larger shear stresses at the edges of the tires, and therefore faster rut development. These results suggest the following:
Ranking
• Increased use of radial tires compared to bias-ply tires has probably increased the incidence of rutting;
• Increased use of wide-base single tires will likely lead to increased rutting;
• Empirical mix design methods must be updated regularly to account for ever increasing tire inflation pressures, and heavier loads (the aircraft wheel is an extreme example), or else the risk of rutting will increase.
One factor that may have contributed to poorer performance of the sections subjected to wide-base single tires is larger initial air-void contents compared to air-void contents on similar sections. Air-void contents of the overlays sUbjected to wide-base single were typically two percent greater than those of the overlays in the dual tire sections. While the differences in air-void content are not so great that they would be expected to reverse the rankings, they likely increased rut development under wide-base single tires.
Comparison of Overlay Types
The ranking of the overlay types/thicknesses was not consistent for the two types of wheel tested ( Average pavement temperatures at 50 mm depth during each test were quite similar. These results suggest that in general, the performance of both thicknesses of the ARHM-GG overlay could be superior to that ofthe DGAC overlay.
Three factors must be considered in evaluating this observation. First, the binder content of the ARHM-GG overlay was on average one percent less than the target binder content, while the binder content of the DGAC overlay was within the target range. This would tend to improve the rutting performance ofthe ARHM-GG overlay. On the other hand, the air-void contents of the ARHM-GG overlay were considerably greater than those ofthe DGAC overlay, particularly on the sections with 38 mm ARHM-GG thickness. The poorer compaction ofthe ARHM-GG overlay would be expected to result in poorer rutting performance. The net effect of these two differences on rutting perfonnance must be further evaluated through laboratory testing.
Thirdly, each of the overlaid structures has the same Goal I DGAC layers underlying each test section. As will be seen later, a portion of the rutting on each section occurred in the underlying asphalt concrete layers, as well as in the overlays.
Comparison of Pavement Temperature
As would be expected, reducing pavement temperature significantly improves rutting performance (Table 4) . The difference in average temperature between Sections 507RF and 512RF of8 C resulted in a ratio ofload repetitions to reach 12.5 mm rut depth of 140: 1. These results strongly indicate mix design procedures should account for expected pavement temperatures at a project location when selecting binder content and evaluating the expected rutting performance.
Contribution of Shear and Densification of Different Layers to Rutting
Rutting occurred in all of the asphalt-bound layers. Rutting in each layer can be the result of It is important to measure and understand the contributions of the two mechanisms, densification and shear, to develop mix design methods that would effectively reduce the risk of premature rutting.
Profile changes
Humps would not appear at the edges of the wheelpath if densification (reduction in air-void content) alone caused rutting in asphalt concrete layers under the repeated wheel loads. The surface profiles (for example, Section S06RF in Figure 3) show humps at the edge of the wheelpath. Surface profiles also indicate a downward movement of the wheeJpath surface, which is a combination of shear flow, and densification. The humps are particularly large on the sections with 38 mm ARHM-GG overlays (510RF, SIIRF).
Humps were particularly noticeable in between dual tires, and under the 38 mm ARHM-GG overlay sections. Humps also occurred in the underlying Goal I AC layers to a lesser degree.
The surface of the top lift of Goal I asphalt concrete typically showed some rutting, except for the section tested at 40 C (S12RF). Less change of thickness in the humps and wheelpaths was seen in the bottom lift of Goal 1 AC, except under the 38 mm ARHM-GG.
Air-void content changes
Average air-void contents were measured for the wheelpaths and humps from cores taken after trafficking. There is inherent variability in the comparison of cores from before and after trafficking, since the two measurements must be taken on two cores from different locations. The cores were taken as near as possible at the same transverse location along the wheelpath.
Summary air-void contents before and after trafficking for each asphalt concrete layer are shown in Table 5 . The results indicate that the mixes that were poorly compacted to begin with, such as the ARHM-GG overlays, underwent the most densification. The dense graded mixes (overlay and Goal I AC layers) that had good compaction during construction, did not experience much densification despite the hot temperatures, heavy loads, and channelized traffic. This indicates that good construction compaction helps reduce the amount of densification that occurs under trafficking and reduces the amount of rutting caused by densification.
Larger changes in air-void content occurred in the overlays of sections that had larger air-void
contents to begin with (510RF, 511 RF, SI2RF), regardless of mix type. Greater densification occurred in the top and bottom lifts of Goal I AC on sections where air-void contents before trafficking were high, as well. The smallest air-void content in the wheelpath after trafficking was 2.3 percent, and occurred in a layer (bottom lift, Section S05RF) with a 2.9 percent air-void content before trafficking. Air-void contents in the humps generally fall between those of the untrafficked areas and the wheelpaths or are similar to those of the untrafficked areas.
Comparison of final wheelpath air-void contents (Table 5 ) for sarne pavement structures and different tire/wheel types indicates that there was not a significant difference in the densification ofthe layers. Therefore, differences in rutting performance under the different tire/wheel types must be attributed to shear deformation, rather than densification.
The presence of large humps at the surface, and final wheelpath air-void contents that are greater than four percent in all but one layer, indicates that shear movement can occur at the same time as densification. The performance of the poorly compacted ARHM-GG mixes indicates that considerable shear flow occurs at high air-void contents.
Thickness changes
Percent changes in the asphalt concrete layer thicknesses from trench slabs and cores are summarized in Table 6 Table 6 ) indicated that the 8 C difference in temperature did not affect which layers rutting occurred in, although it dramatically affected the rate at which it occurred. Most of the rutting and hump development on both sections occurred in the overlay.
Identification of Shear and Densification
One method to evaluate whether rutting in the HVS test sections is primarily due to densification 
Conclusions
The following conclusions were drawn from the results presented in this paper:
I. ARHM-GG cools very quickly after placement, particularly when placed in 38 mm lifts, as opposed to .. 
